We constructed insertion and deletion mutants with mutations within the adeno-associated virus (AAV) sequences of the infectious recombinant plasmid pSM620. Studies of these mutants revealed at least three AAV phenotypes. Mutants with mutations between 11 and 42 map units were partially or completely defective for rescue and replication of the AAV sequences from the recombinant plasmids (rep mutants Adeno-associated virus (AAV) is a defective parvovirus that requires coinfection with a helper virus for lytic growth (1, 12, 13, 18, 31, 57 ; see references 3, 4, 13, and 15 for reviews.) Members of both the adenovirus and herpesvirus families are capable of providing helper functions (1, 8, 13, 18, 31, 57) , and the host range of AAV appears to be determined in most cases by the host range of the helper virus (7, 13, 18, 31, 44 (11, 15, 23-25, 43, 45, 66) of the virus and by the determination of the complete nucleotide sequence of the genome (21, 23, 45, 47, 66) . AAV has a linear single-stranded (2, 6, 48, 61) genome (4,675 bases long) with an inverted terminal repetition of 145 bases (21, 40, 47, 66) . The terminal repetition contains several palindromes that allow the terminal sequence to form a hairpin structure (47) which is thought to be used for the initiation of DNA replication (4, 27, 46, 64, 67 (3, 19, 64) , although relatively little is known about the mechanism of these events.
Adeno-associated virus (AAV) is a defective parvovirus that requires coinfection with a helper virus for lytic growth (1, 12, 13, 18, 31, 57 ; see references 3, 4, 13, and 15 for reviews.) Members of both the adenovirus and herpesvirus families are capable of providing helper functions (1, 8, 13, 18, 31, 57) , and the host range of AAV appears to be determined in most cases by the host range of the helper virus (7, 13, 18, 31, 44) . In the absence of a helper, AAV can integrate into a mammalian chromosome through its terminal repeat sequences and persist as a latent infection (3, 5, 19, 26, 32 ; A. K.-M. Cheung, Ph.D. dissertation, University of Florida, Gainesville, 1979) . Latent AAV genomes do not express their genes but are capable of being rescued when their hosts are superinfected with a helper virus (3, 5, 19, 26, 32) .
Because AAV is defective (i.e., it does not plaque by itself), it has been difficult to study the biology of the virus by using conventional genetic techniques. Nevertheless, a large amount of information about the genetics of AAV has been accumulated as the result of studies on the proteins (9, 10, (35) (36) (37) (38) 50 ; R. A. McPherson and J. A. Rose, Abstr. Annu. Meet. Am. Soc. Microbiol. 1983, S25, p. 288) and mRNAs (11, 15, 23-25, 43, 45, 66) of the virus and by the determination of the complete nucleotide sequence of the genome (21, 23, 45, 47, 66) . AAV has a linear single-stranded (2, 6, 48, 61) genome (4, 675 bases long) with an inverted terminal repetition of 145 bases (21, 40, 47, 66) . The terminal repetition contains several palindromes that allow the terminal sequence to form a hairpin structure (47) which is thought to be used for the initiation of DNA replication (4, 27, 46, 64, 67) . (For a review of the AAV DNA replication mechanism, see reference 4.) In addition to their role in DNA replication, the AAV termini are believed to be * Corresponding author.
involved in AAV integration and rescue (3, 19, 64) , although relatively little is known about the mechanism of these events.
Three major RNA transcripts (2.3, 3.3, and 3.9 kilobases [kb]) have been identified (Fig. 1) during AAV lytic infections (15, 23-25, 43, 45, 66) . These RNAs share a common intron (41 to 48 map units [m.u.] ) and a common polyadenylation site (95 m.u.). In addition, an unspliced polyadenylated version of each RNA (2.6, 3.6, and 4.2 kb) has been reported (15, 25, 43) . It is not known whether these unspliced transcripts code for functional proteins.
Computer analysis of the AAV DNA sequence has revealed two major open reading frames in the AAV genome (66) . The major open reading frame on the right side of the genome (60 to 93 m.u.) can code for a protein of approximately 63 kilodaltons (504 amino acids) and presumably is expressed from the most abundant spliced mRNA (2.3 kb) synthesized during AAV infections. Comparison of the amino acid composition of the hypothetical protein coded by this region with the amino acid composition and size (60 to 67 kilodaltons) of the major AAV capsid protein, VP3, indicates that they are the same (62, 66) . In vitro translation experiments, however, indicate that the 2.3-kb mRNA is capable of synthesizing not only VP3, but VP1 (85 to 90 kilodaltons) and VP2 (72 to 73 kilodaltons) as well (35) . Furthermore, peptide mapping indicates that the three capsid proteins have most of their amino acid sequences in common (37) . Thus, it appears that the region from 60 to 93 m.u. probably codes for all of the VP3 amino acid sequence and most of VP1 and VP2. However, the positions of the additional coding regions required to synthesize VP1 and VP2 are uncertain.
Relatively little is known about the other major open reading frame in AAV (7 to 48 m.u.) which presumably can be expressed from the spliced 3.9-kb (or unspliced 4.2-kb) (11, 15, 23-25, 43, 45, 66) . The solid boxes indicate the position of the major open reading frame in each transcript that is likely to be translated (45, 66) . Below the map position line, the arrows indicate the positions of insertion mutations and the interrupted lines indicate the positions of AAV sequences missing in the deletion mutants.
RNA (Fig. 1) . Because a portion of this open reading frame is also present in the spliced 3.3-kb (and the unspliced 3.6-kb) mRNA, it has been suggested that the reading frame from 7 to 48 m.u. codes for at least two AAV noncapsid proteins (45, 66) . These hypothetical, nonstructural proteins have not been conclusively identified in AAV-infected cell extracts, nor is their function(s) known.
Finally, several other shorter open reading frames (66) have been identified (Fig. 1 ). Among these, one is located entirely within the intron (41 to 46 m.u.), and another is at 47 to 54 m.u. Nothing is known about the possible function of these open reading frames.
As already mentioned, it has been difficult to apply conventional genetic techniques to the AAV genome. To circumvent this problem, we have taken advantage of the fact that AAV-pBR322 recombinant plasmids are infectious (63) . When such plasmids are transfected into human cells with adenovirus 2 (Ad2) as helper, the AAV genome is rescued and a normal lytic cycle ensues. This offered a unique opportunity for genetic analysis. Because the nucleotide sequence of AAV was known, it was possible to target mutations to any region of AAV within the recombinant plasmid, to clone and amplify the mutant plasmid in Escherichia coli, and then to directly assess the mutant phenotype by transfection into mammalian cells. In a previous report, we used this approach to examine the phenotypes of mutations within the AAV terminal sequences (64) . In this report, we describe the phenotypes of mutations within the internal coding regions of AAV. 
MATERIALS AND METHODS

RESULTS
Construction and physical characterization of the mutants. Insertion mutants were constructed by a procedure first described by Heffron et al. (29) . The wild-type AAV plasmid, pSM620, was converted to linear DNA by partial digestion with any one of several multiple-cut restriction enzymes (Table 1) . Whenever necessary, single-stranded ends were converted to duplex DNA by treatment with T4 DNA polymerase (or the Klenow fragment), and an 8-bp BglII linker fragment was then inserted at the position of the mutation. Most of the mutants made by this procedure were expected to be frameshift mutants, but a few (specifically, those in which BstNI was used to cut pSM620) were expected to produce in-phase 9-bp insertions (Table 1) . Finally, many mutants were isolated that contained a deletion between two restriction sites within the AAV genome as well as a BgIII linker insertion. The BglII linker was chosen for these experiments because the site was not present in the wild-type plasmid. This both facilitated the restriction enzyme mapping of the mutations (data not shown) and provided a single-cut restriction site for the insertion of foreign DNA (P. L. Hermonat and N. Muzyczka, unpublished data). In addition to the mutants containing BglII linkers, two other classes of mutants were made. The first had simple deletions between existing restriction sites within the genome, such as d148-52. The second class involved the insertion of a 263-bp DNA fragment that contained a tyrosine suppressor tRNA gene constructed by Laski et al. (41) . Insertion mutant ins80tsup is an example of this class.
The details of the construction of each mutant are summarized in Table 1 . It should be pointed out that none of the mutations were sequenced and, therefore, the nucleotide numbers and base pairs cited in Table 1 are estimates based on the restriction enzyme analysis of the mutants (data not shown) and on the manner in which each mutant was constructed (see above). Figure 1 shows the positions of the mutations, which will be discussed in detail.
Mutants defective for duplex DNA replication. Initially, the mutants were tested for their ability to rescue and replicate the AAV sequences when the plasmid DNA was transfected into human cells by using the DEAE-dextran procedure (49) .
Human AdS-transformed 293 cells or HeLa cells were used as the host, and Ad2 was used as the co-infecting helper virus. Typically, Hirt supernatant DNA (30) was harvested at 36 to 48 h postinfection and analyzed by Southern blotting, using 32P-labeled AAV DNA as probe. The results are shown in Fig. 2 for a representative selection of the mutants, and a summary of the results for all of the mutants is listed in Table 2 .
Approximately half of the AAV-2 genome appeared to be involved in the rescue or replication of AAV DNA. Mutants with mutations between map positions 11 and 42 were defective for the production of monomer duplex AAV DNA after plasmid transfection (rep mutants). In most cases, only input plasmid AAV sequences could be detected, and no evidence of DNA replication was seen. The two exceptions were ins23 and ins42, which were capable of producing yields of monomer duplex AAV DNA that were 0.1 to 1.0% of that seen in wild-type-infected cells (Fig. 3) . One of these 48 h, cells were lysed and treated with pronase, and low-molecular-weight DNA was isolated by Hirt extraction (30). One-tenth of each DNA extract was then fractionated on a 1.4% agarose gel, transferred to nitrocellulose by the method of Southern (65) , and hybridized to nick-translated, 32P-labeled AAV DNA. Where indicated, the extracts were digested with BglIl before electrophoresis. d152-91 appeared to replicate at a lower level in this experiment, but other experiments (data not shown) indicated that its replication was similar to that of other lip and cap mutants. ins42 appeared not to replicate in this experiment but was subsequently found to replicate at very low levels (see Fig. 3 ). The positions of the dimer duplex replicative form (dd), monomer duplex replicative form (md), and single-stranded form (ss) are indicated. Also, the sizes of the fragments in the ins42 and ins63 experiment (lane 6) are indicated as a percentage of the full-length AAV size. mutants (ins23) also produced detectable levels (>0.01% of wild type) of infectious virions (Table 2 ).
In general, mutants with mutations on the right side of the AAV genome (map positions 48 to 93) were capable of generating normal replicating pools of AAV DNA (i.e., monomer and dimer duplex DNA). As expected, deletion mutants with mutations in this region generated DNA molecules that were shorter than wild-type AAV DNA by the appropriate amount (d148-52 and 52-91 in Fig. 2 ). The only mutant with a mutation on the right side of the genome found to be defective for replication (5% of wild type) was d180-96 (Table 2) . Although this mutant was missing a portion of the AAV capsid gene VP3 (see below), its replication defect probably was due to the fact that dl80-96 was missing the polyadenylation signal (95 m.u.) that is used in all known AAV RNAs.
Mutants defective in generating single-stranded progeny DNA. Because AAV virions contain single-stranded DNA, we tested the DNA-positive mutants for their ability to generate single-stranded progeny DNA. Hirt supernatant DNA was isolated from cells transfected with mutant plasmids under conditions that minimized AAV DNA re-annealing (16), and then was analyzed by Southern blotting (65) . All of the replication-positive mutants with mutations between map positions 63 and 91 were defective in generating singlestranded progeny DNA (Table 2) . Single-stranded AAV DNA was identified by its mobility during electrophoresis compared with virion DNA (data not shown) and by its resistance to digestion with PstI. Figure 4 shows the results that were obtained when ins80tsup was transfected into human cells. Although the mutant was capable of synthesizing monomer duplex DNA to approximately the same level as wild type, it was clearly deficient in generating singlestranded AAV DNA. Similar results are shown for ins63 in Fig. 2 . Thus, the phenotype of a mutant with a mutation in the major AAV capsid protein, VP3, appeared to be an inability to synthesize or maintain single-stranded DNA. As might be expected, mutants of this class produced no detectable infectious virions ( plasmid, or both, as described in the text. At 40 h postinfection, lowmolecular-weight DNA was extracted by a procedure that minimized re-annealing of single-stranded DNA (16) . Samples of the DNA extracts were fractionated on 1.4% agarose gels (left panel) or digested with PstI before electrophoresis (right panel). After electrophoresis, the DNA was transferred to nitrocellulose and hybridized with nick-translated, 32P-labeled AAV DNA. Because ins80tsup is 263 bp larger than wild-type AAV DNA, the monomer duplex DNA produced by this mutant had a slower mobility during electrophoresis (left panel). Similarly, because the insertion was located in the AAV PstI A fragment, this fragment is missing in ins80 PstI digests and is replaced by a slightly larger fragment (right panel). The mobilities of monomer duplex (md) and single-stranded (ss) AAV DNA, as well as of the wild-type PstI A and B restriction fragments, are indicated. observed ( Fig. 2 and Table 3 ). For example, in the ins42-ins63 complementation (Fig. 2) , five major BglII restriction fragments were observed. These were: an apparently uncut full-length AAV DNA fragment; a 63% (of full AAV size) fragment and a 37% fragment that were characteristic of the ins63 mutant; and the 42 and 58% fragments that were characteristic of ins42. The large amount of apparently fulllength AAV DNA that was not cut by BglII was probably the result of single-stranded ins42 DNA and ins63 DNA reannealing to form a duplex DNA species. This duplex DNA would be resistant to digestion at both potential BglII sites.
It is worth noting that in addition to the expected BglII fragments, a faint 21% fragment was consistently observed in ins42-ins63 complementations. This was the appropriate size for a BglII fragment that would be present in the double mutant (ins42 + ins63) recombinant. The yield of this fragment, compared with that of the parental BglII fragments (approximately 1%), could be interpreted as an estimate of the recombination frequency during one cycle of lytic growth. Similar double mutant recombinant bands (of the appropriate size) were seen when complementation experiments were performed with ins63 and insll (Fig. 2) , as well with as other pairs of mutants (data not shown).
As described above, two types of mutants were found which appeared completely viable for duplex DNA replication, i.e., lip and cap mutants. Both types of DNA-positive mutants were capable of complementing rep mutants (Table  3) .
Conversely, most rep mutants could complement the defect in cap mutants (Table 3 ). An example of this is shown in Fig. 6 for the capsid mutant ins63. When it was transfected by itself, ins63 produced no detectable AAV virus, but complementation with any one of three rep mutants (insll, dllO-37, or ins42) produced mixed virus stocks with variable amounts of ins63 mutant DNA (Fig. 6) .
Because some of the rep mutants retained limited ability to rescue and replicate AAV DNA, a number of complementation experiments were performed to determine whether there might be two or more rep complementation groups. None of the rep mutants could complement other mutants of the same phenotype, regardless of whether the defect in replication was complete or partial (Table 3 ).
An attempt was also made to distinguish two complementation groups within the mutants that were DNA positive but produced little or no infectious virus ( mutants). An attempt at complementing mutants of these two classes with each other was unsuccessful (Table 3) . Thus, although it was possible to distinguish two mutant phenotypes among the mutants with mutations between map positions 48 and 91, we could not demonstrate two distinct complementation groups. We concluded that the lip function must share a common coding region with cap and that both lip and cap functions were required to produce a normal yield of infectious virus particles.
DISCUSSION
We isolated deletion and insertion mutants which had mutations in most of the major open reading frames in the AAV genome. Among these mutants, we distinguished at least three phenotypes: (i) mutants that were defective in their ability to rescue or replicate the AAV genome from the recombinant plasmids (rep mutants); (ii) mutants that synthesized normal amounts of AAV duplex DNA but did not generate single-stranded virion DNA (cap mutants); and (iii) mutants that synthesized normal amounts of AAV singlestranded and duplex DNA but produced substantially lower yields of infectious virus particles than did wild-type AAV (lip mutants).
rep mutants. Because AAV relies heavily on helper and host functions during its lytic cycle, it has been an open question whether AAV contains any genes required for its own DNA replication. The fact that some kinds of defective interfering particles were incapable of DNA replication unless wild-type AAV was also present led to the suggestion that AAV codes for a rep function (42) . Because the defective interfering virus stocks used were composed of a heterogeneous mixture of AAV deletions, it was not clear which part of the genome might be responsible for DNA replication. The first indication that a particular region of the AAV genome may be necessary for DNA replication came from DNA transfection experiments in which a mutant with an in vitro-constructed deletion (38 to 43 m.u.) was found to be incapable of DNA replication unless wild-type AAV DNA was cotransfected (4; Cheung, Ph.D. dissertation). In retrospect, this particular deletion was likely to have reduced the expression of several AAV gene products because it removed one of the AAV splice junctions. More (45) suggests that at least two proteins are coded by the spliced open reading frames that are present in the 3.3-and 3.9-kb RNAs (Fig. 1) All of the points made above about the spliced 3.3-and 3.9-kb RNAs can be made, as well, about the hypothetical proteins coded within the unspliced 2.6-, 3.6-, and 4.2-kb RNAs (Fig. 1) . The question of whether the unspliced transcripts are functionally active is raised by the phenotypes of the partially viable rep mutant, ins42, and the rep+ mutant dl48-52. ins42 had a mutation within the major AAV intron (41 to 48 m.u.) and was, therefore, expected to be a viable mutant. The fact that DNA replication is severely depressed by the ins42 mutation indicates either that one of the coding regions present in the unspliced RNAs is functional or that the mutation has an unforeseen effect on RNA splicing.
In this regard, it is worth mentioning the phenotype of the lip mutant dl48-52. This mutant is missing the last four Cterminal amino acids of the coding potential in the spliced 3.3-and 3.9-kb RNAs. These have been replaced with 71 amino acids that are not normally present in these coding regions. Despite this, the DNA replication phenotype of dl48-52 appears to be normal. This suggests also that the spliced 3.3-and 3.9-kb RNAs are not the AAV mRNAs required for DNA replication. An alternative explanation for the d148-52 phenotype is that the C-terminal end of these proteins is dispensable for DNA replication.
cap mutants. The mutation responsible for the cap mutant phenotype maps within the coding region for the major AAV capsid protein, VP3 (35, 66 .221' III the total AAV capsid protein, and thus it is unlikely that AAV capsids are assembled by cap mutants. AAV is thought to replicate by a strand displacement mechanism from either terminus, so that both plus and minus strands are equally likely to be displaced (4, 27, 46, 47, 63, 64, 67) . The fact that cap mutants synthesize normal levels of the monomer duplex replicative intermediate (Fig. 2) indicates that a preformed capsid probably is not directly required during strand-displacement synthesis. If capsids were, in fact, necessary for replication, it would be unlikely that monomer duplex DNA would accumulate in cap mutants. A more likely explanation for the inability of cap mutants to generate single-stranded DNA is that unless the displaced progeny strand is sequestered immediately within a capsid, it is recycled into the replicative intermediate DNA pool (53) . In this respect, AAV cap mutants are reminiscent of the capsid mutant phenotypes of some procaryotic single-stranded DNA phages such as 4X174 (28) .
The phenotype of the cap mutants was anticipated during genetic studies of the helper functions supplied by adenovirus. Carter and his colleagues discovered that when the mutant Ad5tsl25 was used in coinfections with AAV at a nonpermissive temperature, it was defective for AAV helper function (54) . Ad5ts125 has a mutation in the adenovirus 72-kilodalton DNA binding protein that is required for adenovirus DNA replication (20, 68) and has pleiotropic effects on the expression of other adenovirus genes (17, 39, 55) . When the ts125 defect for AAV helper function was examined further, it was discovered that duplex AAV DNA replication and transcription were essentially normal in ts125-infected cells but that the synthesis of AAV capsid proteins and the accumulation of single-stranded AAV DNA were both significantly reduced (13, 35, 53, 54) . It was suggested, therefore, that unless AAV-infected cells synthesized the AAV capsid proteins, single-stranded AAV DNA would not accumulate (53) . We have essentially confirmed and extended these observations by isolating mutants with mutations directly within the major AAV capsid gene. Now that it is established that AAV codes for a protein required for its own DNA replication, an additional point can be made about the tsl25 observations. Unlike the capsid proteins, translation of the AAV gene product(s) required for DNA replication apparently is not affected by the ts125 mutation. In contrast, all of the AAV mRNAs require the expression of adenovirus early region 1A or lB or both for transcription (15, 33, 34, 56, 59, 60) . Thus, although the AAV lytic cycle cannot be divided into conventional early and late phases, the expression of AAV gene products does appear to be differentially regulated.
Finally, it should be mentioned that the synthesis of VP3 or preformed capsids is probably not the only mechanism for controlling the ratio of single-to double-stranded AAV independently isolated an AAV mutant that contained a deletion identical to the one in dl48-52 as well as deletions within the AAV terminal repeats. Examination of the capsid proteins synthesized in cells that were transfected with this mutant indicated that the mutation in d148-52 produced an inphase deletion in VP1 but did not affect the molecular weights of VP2 and VP3. Thus, lip mutants appear to be VP1 mutants.
The significance of the lip phenotype, and of the observation of Janik et al., is that there must be additional AAV mRNAs that have not yet been observed. The known 2.3-and 2.6-kb mRNAs do not have open reading frames sufficiently large to code for VP1 (66) . Because of the position of the lip mutations, the most likely explanation is that VP1 is translated from a transcript with introns different from the one that has been mapped in the 2.3-kb mRNA. This would allow the use of the coding region between 47 and 54 m.u. in which most of the lip mutations map.
To see whether we could predict the structure of the VP1 mRNA from the positions of the lip mutations, we examined the AAV DNA sequence between 1,800 and 2,900 bp (Fig.  7) . Although there are more than 100 potential splice junctions in this region, there are relatively few ATG and nonsense codons that need to be considered. Indeed, only two mRNAs appeared to be reasonable based on the following additional criteria (Fig. 7) . (i) All lip mutations must map within the VP1 coding region but outside VP3 coding se quences. (ii) The rep mutant ins42 maps outside the coding regions of all three AAV capsid proteins. (iii) A minimum of introns are used for the VP1 mRNAs. (iv) The theoretical molecular weights of the proteins coded by the VP1 mRNA must be as high as possible. The hypothetical VP1 mRNAs (Fig. 7) we have proposed are approximately 2.3 kb in length and code for proteins of 85 and 86 kilodaltons. These values agree reasonably well with the observed molecular weights of 85,000 to 90,000 for VP1 (9, 10, 35, 50, 62) . Needless to say, other explanations for mutation responsible for the lip phenotype are possible. (For a brief discussion, see reference 66.)
Finally, although the precise function of VP1 is not known, the phenotype of the lip mutants is consistent with the results of studies on the assembly of AAV virions. Myers and Carter (52) found three types of AAV capsids during lytic infections as judged by their sedimentation in sucrose gradients. These were the 66S empty capsids, a 60S capsid intermediate that was associated with single-stranded DNA, and the 110S mature virions. Because lip mutants can accumulate single-stranded AAV DNA, VP1 is probably not required in the assembly of empty capsids or the 60S intermediates. It is possible, therefore, that VP1 plays a role in the conversion of the 60S intermediate to the mature virion.
In conclusion, we should mention that although we have identified at least three AAV genes, our collection of mutants is not exhaustive. Based on a variety of considerations (discussed above), we estimate we have obtained mutants with mutations in approximately half of the AAV genes. Certainly the complexity of the AAV life cycle (integration, rescue, replication, virion assembly, and helper and host interactions) suggests that additional virus-coded phenotypes remain to be discovered. Thus, although AAV was VOL. 51, 1984 on October 28, 2017 by guest http://jvi.asm.org/ Downloaded from once thought to be one of the simplest of all mammalian viruses, its genetic structure appears to be as complex as that of other viruses of comparable size (that is, papovaviruses and retroviruses).
